The mechanism of the oxide extraction reaction between singlet germylene carbene and its derivatives X 2 Ge=C: (X=H, F, Cl, CH 3 ) and ethylene oxide has been investigated with B3LYP/6-311G(d,p) method. The results show that this kind of reaction has similar mechanism, the shift of 2p lone electron pair of O in ethylene oxide to the 2p unoccupied orbital of C in X 2 Ge=C: gives a p→p donor-acceptor bond, thereby leading to the formation of intermediate. As the p→p donor-acceptor bond continues to strengthen, that is the C−O bond continues to shorten, the intermediate generates product (P+C 2 H 4 ) via transition state. It is the substituent electronegativity that mainly affect the extraction reactions. When the substituent electronegativity is greater, the energy barrier is lower, and the reaction rate is greater.
I. INTRODUCTION
Since unsaturated carbene was recognized as an active intermediate in 1960s, it has not only attracted much attention from theoretical chemists but also has been practically applied to organic chemistry [1, 2] . For example, it has been proved that unsaturated carbene can provide a simple and direct way for synthesizing the small-ring, highly strained compounds as well as those that can hardly be synthesized through conventional ways [2] . So far, much theoretical study has been done on the rearrangement reaction [3, 4] and the insertion reaction [5, 6] of alkylidene carbene R 1 , R 2 GE=C: (R 1 , R 2 =H, Me, F, Cl, Br, Ph, Ar, . . .). Apeloig and Fox have made experimental and theoretical studies on the three-dimensional selectivity of substituting groups from the products of the vinylidene-olefins addition [7, 8] . We have done systemic studies on the cycloaddition reaction of alkylidene carbene [9−13] . However, studies of unsaturated carbene have so far been limited to alkylidene carbene and its reactions and there has been no published report of studies of extraction reaction of germylene carbene, and its derivatives R 1 , R 2 Ge=C: (R 1 , R 2 =H, Me, F, Cl, Br, Ph, Ar, . . .). It is a new branch of unsaturated carbene chemistry. It is quite difficult to investigate the mechanism of the extraction reaction directly by experimental methods due to the high activity of germylene carbene; therefore, the theoretical study is more practical. To explore the rules of the * Author to whom correspondence should be addressed. E-mail: lxh@ujn.edu.cn oxide extraction reaction between germylene carbene (H 2 Ge=C:) and its derivatives (F 2 Ge=C:, Cl 2 Ge=C:, Me 2 Ge=C:) and ethylene oxide, germylene carbene and its derivatives and ethylene oxide were selected as model molecules. The extraction reaction mechanism was investigated and analyzed theoretically through the four reactions below: [14, 15] implemented in the Gaussian 03 package is employed to locate all the stationary points along the reaction pathways. Zero-point energy (ZPE) is included for the energy calculations. Full optimization and vibrational analysis are done for the stationary points on the reaction profile. In order to further confirm the correctness of the relevant species, vibration analysis are included, and the intrinsic reaction coordinate [16, 17] was also calculated for all the transition states appearing on the potential energy profile.
III. RESULTS AND DISCUSSION
Theoretical calculations show that ground state of germylene carbene (R1), difluoro-germylene carbene (R2), dichloro-germylene carbene (R3), and dimethylgermylene carbene (R4) are single state. 
E(Pi+C2H4)=E(Pi)+ZPE(Pi)+E(C2H4)+ZPE(C2H4), i=1, 2, 3, 4. c ER=ET − E(R1+R5)=ET − E(R2+R5)=ET − E(R3+R5)=ET − E(R4+R5).

FIG. 2 The potential energy surface for the extraction reaction between germylene carbene and its derivatives and ethylene oxide with B3LYP/6-311G(d,p).
shown the geometrical parameters for the intermediates (INT1, INT2, INT3, and INT4), transition states  (TS1, TS2, TS3 , and TS4), and products (P1+C 2 H 4 , P2+C 2 H 4 , P3+C 2 H 4 , and P4+C 2 H 4 ) appearing in oxide extraction reaction between germylene carbene and its derivatives and ethylene oxide. The energies are listed in Table I , and the potential energy surfaces for the extraction reaction are shown in Fig.2 .
The unique imaginary frequency of the transition states TS1, TS2, TS3, and TS4 through vibrational analysis are 585.5i, 377.2i, 584.7i, and 582.8i cm −1 , therefore, these transition states can be affirmed as the real ones. The intrinsic reaction coordinate (with the step-length of 0.1 bohr/amu 1/2 ) analysis confirm that TS1 connects INT1 and P1+C 2 H 4 , TS2 connects INT2 and P2+C 2 H 4 , TS3 connects INT3 and P3+C 2 H 4 , TS4 connects INT4 and P4+C 2 H 4 . According to Fig.2 , it can be seen that the four reactions are viable in thermodynamics, the four reactions all consist of two steps, the first one is that the two reactants firstly form an intermediate (INT1 or INT2 or INT3 or INT4) , which are barrier-free exothermic reactions with ∆E of 75.7, 113.2, 110.6, and 71.2 kJ/mol; the second one is an isomerization of intermediates to products via transition states, with energy barriers of 27.2, 9.1, 13.9, and 30.4 kJ/mol. According to the energy barriers, it can be known that the four reactions rate is: reaction (2)>reaction (3)>reaction (1)>reaction (4).
According to Fig.1 , the oxide extraction reaction between germylene carbene and its derivatives and ethylene oxide has similar mechanism, the mechanism of this kind of reaction could be explained with the molecular orbital diagram (Fig.3) and Fig.1 . When the germylene carbene and its derivatives X 2 Ge=C: (X=H, F, Cl, CH 3 ) interacts with ethylene oxide, the shift of 2p lone electron pair of O in ethylene oxide to the 2p unoccupied orbital of C in X 2 Ge=C: gives a p→p donor-acceptor bond, leading to the formation of intermediates. As the reactions go on, because the C1−O bond (reaction (1) In X 2 Ge=C: (X=H, F, Cl, CH 3 ), the order of the substituent electronegativity is F>Cl>H>CH 3 , because the substituent (X) electronegativity is greater, the electron density of carbene C in X 2 Ge=C: is smaller, and it is easier for the 2p lone electron pair of O in ethylene oxide to shift to the 2p unoccupied orbital of C in X 2 Ge=C: making the p→p donor-acceptor bond more stronger and the intermediate more stabler,
so, E(INT2)<E(INT3)<E(INT1)<E(INT4).
According to the above analysis, for the oxide extraction reaction between X 2 Ge=C: (X=H, F, Cl, CH 3 ) and ethylene oxide, the process from INT to product (P+C 2 H 4 ) is that the p→p donor-acceptor bond becomes strong (the process that C1−O bond gradually shorten), so, when the substituent electronegativity in X 2 Ge=C: (X=H, F, Cl, CH 3 ) becomes small, the energy barrier becomes great, the four reactions rate is: reaction (2)>reaction (3)>reaction (1)>reaction (4).
IV. CONCLUSION
On the basis of the potential energy surface obtained with the B3LYP/6-311G(d,p) method for the oxide extraction reaction between singlet germylene carbene and its derivatives and ethylene oxide, it can be predicted that the kind reaction pathway consists of two steps: (1) the two reactants firstly form an intermediate through a barrier-free exothermic reaction; (2) the intermediate then isomerizes to a product via a transition state. This kind of reaction has similar mechanism, when the germylene carbene and its derivatives (X 2 Ge=C: (X=H, F, Cl, CH 3 )) and ethylene oxide close to each other, the shift of 2p lone electron pair of O in ethylene oxide to the 2p unoccupied orbital of C in X 2 Ge=C: gives a p→p donor-acceptor bond, thereby leading to the formation of INT. As the p→p donoracceptor bond continues to strengthen (that is the C−O bond continues to shorten), INT generates product (P+C 2 H 4 ) via TS. It is the substituent electronegativity that mainly affect the extraction reactions. When the substituent electronegativity is greater, the energy barrier is lower, and the reaction rate is greater.
